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Introduction
Gold nanoparticles have been demonstrated to have extraordinary potential in biomedical applications including biological imaging, sensing, thermal therapy, drug and gene delivery [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Compared to gold nanospheres (GNSs), gold nanorods (GNRs) are especially beneficial in biological imaging and sensing due to their unique optical properties [12] [13] [14] . Cytotoxicity of gold nanoparticles, as the premise of any further biological study, is a key issue to be investigated. There have been intensive studies from different point of views focusing on the cytotoxicity of gold nanoparticles, which are complex and still under debating. Compared to GNSs, GNRs have been found to be toxic to cell culture, but almost nontoxic after being coated with polymer molecules [10, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . This is because the cytotoxicity depends on the particle size, shape, surface charge and modification, agglomeration, as well as the mechanisms of cellular uptake and toxicity response [28] [29] [30] . Despite difference in particle shape, one primary concerns about GNRs in biological research is cetyltrimethylammonium bromide (CTAB), the surfactant which is essential for nanorods growth in popularly used seed-growth GNRs synthesis method, but toxic to cell lines [26, [31] [32] [33] . CTAB is important in controlling the particle size and shape to achieve designed localized surface plasmon resonance bands for spectroscopic and microscopic applications in biological research [34] [35] [36] . As removal of CTAB will cause instability of GNRs, polymers, such as poly(acrylic acid) (PAA), poly(diallyldimethylammonium chloride)-poly(4-styrenesulfonic acid) (PDADMAC-PSS), and poly(ethylene glycol) (PEG), have been introduced to functionalize the GNRs surface [31, 32, 37, 38] .
Optical properties of gold nanoparticles critically depend on their sizes, shapes, and surface conditions. On the other hand, incubation time and particle concentration are key parameters in controlling the internalization process of nanoparticles into cells, as well as cell normal functions. In this paper, we intended to investigate the cytotoxicity of gold nanoparticles in a systematic manner. GNRs were synthesized via the same procedure but with 4 different aspect ratios, GNSs, and polymer-(polystryrenesulfonate (PSS) and poly(allylamine) hydrochloride(PAH)) coated GNRs have been applied to two cell lines at different exposure time and particle dosages. GNRs of aspect ratio of 3 are approximately 40 nm long, which had excellent potential in biological imaging and sensing applications [39] [40] [41] . PSS and PAH have been used in multilayer membrane for longterm graft transplantation [42] . The layer-by-layer polyelectrolyte coating using PSS/PAH not only changes the surface condition of gold particles inducing changes in particle optical properties but also plays important roles in functionalizing new types of bioimaging tools, such as SPASER (surface plasmon amplification by stimulated emission of radiation), a surface-plasmon-based nanolaser providing localized intensive excitation [43] [44] [45] .Thedosagelevelsand incubation time selected for 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT assay analysis was based on the previous imaging study [39, 41] . In addition to reveal the intrinsic cytotoxicity of gold nanoparticles, this study also provide insights on managing the cytotoxicity of gold nanoparticles in further biological research.
Material and Method
GNRs were synthesized by the seeded growth method [46] , andGNSswerepreparedbyT urkevichmethod [47] . Further coating on GNRs was proceeded via electrostatic layer-bylayer growth using PSS and PAH. Single layer of PSS and double layers of PSS/PAH coating were carried out following a process described by Omura et al. (denoted as PSS-GNRs and PAH-PSS-GNRs) [45] . Successful coating is proven by the shift of surface plasmon bands as shown in Figure  1 (a). All particles were centrifuged to remove the excess CTAB/polymers and redispersed in deionised water with a final concentration around 10 −10 M. MDCK (ATCC CCL-34) and HEp-2 (ATCC CCL-23) cell lines were obtained from American Type Culture Collection. Cell culture medium was high-glucose (4.5 g/L) DMEM containing fetal calf serum (10%), L-glutamine (2.9 mg/mL), antibiotic-antimycotic solution (GIBCO). Cells were routinely cultured at 37
• C under 5% CO 2 . MTT assay was carried out in the following procedure. Briefly, both MDCK and HEp-2 cells were seeded at 1 × 10 4 cells per well in 96-well plates. After 24 h of incubation (37 • C, 5% CO 2 ) ,as e r i e so fc o n c e n t r a t i o n so fG N R s( i n water) was added in each well. The cells were further incubated to appropriate time intervals. At appropriate time intervals, 20 µL of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 4 mg/mL in PBS) was added to each well and incubated for up to 4 h at 37
• C, 5% CO 2 . After careful removal of the media, 150 µLo fD M S Ow a s added into each well to solubilise the purple crystals. After being incubated at 37
• C for 10 min, OD 540 nm was measured with a plate reader (LabSystems Genesis).
For fluorescent microscopic observation of apoptosis, cells were seeded onto cover slides 1 × 10 5 cells per slide in 24-well plates and cultured for 24 h at 37
• Cu n d e r5 % CO 2 . After exposure to GNRs for 5 h, the spent medium was discarded and cells were incubated for 1 h in fresh media containing sulforhodaminyl-L-valylalanylaspartyl fluoromethyl ketone (SR-VA-DFMK) according to manufacturer's instructions (Immunochemistry Technologies). Cells were washed with PBS and fixed with 3.7% paraformaldehyde (in PBS) for 10 min at 37
• C. The coverslips were mounted onto microscope slides with Prolong Gold antifade reagent containing 4 ′ ,6 ′ -diamidino-2-phenylindole (DAPI) (Invitrogen). Images were captured using a confocal microscope LSM 510 (Carl Zeiss). Based on results displayed in Figure 2 , GNRs have shown much higher toxicity compared to GNSs. The (Citrate stabilized) GNSs showed no significant cytotoxicity under all dosage levels used, while for CTAB-capped GNRs, high cytotoxicity was found especially at large dosages. It cannot be simply explained as shape effect, as GNSs and GNRs have different surfactants and surface charge states. To elucidate the effects from capped CTAB, polymer-coated GNRs have been compared with CTAB capped GNRs. Figure  2 shows that both PSS-GNRs and PAH-PSS-GNRs are less toxic than GNRs, which becomes more apparent at higher dosages. The above observation is in line with the previous finding that CTAB is the major reason for cytotoxicity [31, 32] . Nevertheless, the cause of the cytotoxicity, either the free CTAB in solution or surfactant ones, is still debatable. To bring insights into this issue, toxicity of free CTAB to Hep2 was examined. Figure 2 shows that free CTAB solution is less toxic than CTAB capped GNRs. We thus propose that the toxicity of GNRs is mainly related to the surface CTAB on GNRs rather than free form in the solution based on three facts. Firstly, as polymer-coated GNRs were centrifuged under the same condition as GNRs, concentration of free CTAB in the solution can be considered at a similar level. Therefore, the different cytotoxic properties should be originated from different surface conditions. Secondly, 1 mM of CTAB used here is 1% of the concentration used for GNRs synthesis and considered to be the upper limit of remaining CTAB in GNRs solution after centrifuge. This is because GNRs solution was diluted roughly 10 times after each centrifugation and concentration of free CTAB is below 1/100 of the original concentration after two times of centrifugations. Figure 2 shows that 1 mM CTAB has only moderate cytotoxicity, much lower than GNRs, implying that toxicity of GNRs is not mainly due to free CTAB. This result is consistent with that of the time-lapse toxicity shown in Figure 3 (b),a sc e l ls u r v i v a lo fs a m p l e st r e a t e dw i t h1m M CTAB solution from 1% to 10% of medium volume (actual concentration 1×10 −5 Mto1×10 −4 M) decreased from more than 90% to around 60%. At last, time-lapse toxicity study reveals different cytotoxic behaviour between GRNs and free CTAB. Figure 3(a) shows that cell survival value reaches a stable number in the first hour, and further incubation only results in slight reduction in cell survival up to 9 hrs. While by incubating a series of concentrations of free CTAB solution to the cells for 1, 3, 5, and 7 hours, a dependence on both concentration and incubation time was observed in Figure  3 (b). Additional polymer coating of GNRs not only prevents direct interaction of CTAB with cell membrane but also modifies the surface charge state. Previous work suggests that cationic gold particles are moderately toxic, whereas anionic ones are relatively nontoxic [25, 48] . This phenomenon can be explained as the cell membrane is negatively charged in which case cationic particles are prone to adsorb. Furthermore, it has also been reported that cationic particles are more likely to follow a direct diffusion pathway while anionic GNPs are internalized by endocytosis [25, 49] . In this work, negatively charged PSS-GNRs perform less toxic on all dosages, and no significant difference was observed between PSS-GNRs and positively charged PAH-PSS-GNRs. Considering both PAH-PSS-GNRs and GNRs have positive surface charge, the discrepancy in cytotoxicity between CTAB capped and polymer-coated GNRs should be related to the surface CTAB on GNRs. With GNRs sizing around 50 nm, surface modification and interaction with membrane functional parts may play a more important role than surface charge property.
Results and Discussion
To study the influence of size and shape on the cytotoxicity, GNRs of different aspect ratios were examined. It is found that all three types of GNRs exhibited cytotoxicity to both MDCK and HEp-2 cells in a dose-dependent manner as shown in Figures 4(a) and 4(b) , but no significant difference were found between GNRs. The viability of the cells decreased as the concentrations of GNRs increased. However, the two cell lines had significant difference in susceptibility to GNR-1 and GNR-2 at 2-fold of 10 −12 M (Student t-test, P<0.1 in both cases): viability of HEp-2 cells dropped below 60%, whereas MDCK cells remained above 90% in both cases. Based on gold particle concentration and cell counts, we estimated that at 10 −12 MG N R s concentration, the particle cell ratio is approximately 300 GNRs per cell, which reduced cell viability by ∼20% in all cases and may be used as an upper limit reference for cellular research.
To detect apoptosis, cells were stained with SR-VAD-FMK, which detect all activated caspases. The activation of caspases can be quantitatively correlated with the intensity of the fluorescent intensity. All three types of GNRs were 6 Journal of Nanomaterials confirmed to induce the activation of caspases in both cell lines with diffe r e n tc a p a c i t ya si ss h o w ni nFigure 5.I n general, the accumulation of activated caspases depends on the dosage of GNRs, which is in accordance with the MTT assay. Even at low dosage, activated caspases were detected in HEp-2 cells. The signal intensity increased with the rising dosage, and in the cases of treatment with high dose (10-fold of 10 −12 M), all cells were all stained strongly and many cells were detached at this stage. All these results suggest that GNRs have triggered apoptotic process. For MDCK cells, figures not shown here, a similar trend has been observed, while the stain was relatively weaker compared to Hep-2 cells and did not increase as drastically as HEp-2 cells when higher concentrations of GNRs applied, which is in accordance with the MTT assay results.
In conclusion, GNRs show relative higher cytotoxicity compared to GNSs and PSS/PAH-coated GNRs to HEp-2 cells, which is mainly related to the CTAB on particle surface rather than the free ones in solution. Furthermore, dosage rather than time scale is more important in GNRs-induced cytotoxicity. The majority cell death occurs within one hour of incubation via GNRs-induced apoptosis processes. Change in the aspect ratio up to 5 has little influence on GNRs' cytotoxicity. Additional polymer (PSS/PAH) coating can significantly improve cell survival, which seems not due to the change of surface charge properties but isolation of CTAB from cell membrane by additional layer(s) of barrier.
